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1
ROTOR POSITION ESTIMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application No. 62/696,186, filed Jul. 10, 2018,
entitled “Sensorless Angle Estimation,” which 1s hereby
incorporated herein by reference 1n 1ts entirety.

BACKGROUND

A permanent magnet motor represents a type ol motor
where a fixed stator causes rotation of a movable rotor. The
rotor typically includes multiple magnets embedded 1n or
connected to the rotor, and the stator typically includes
multiple conductive windings. Flectrical current in the
windings generates a rotating magnetic field that interacts
with the magnets of the rotor, causing the rotor to rotate.
Because the stator has multiple phase windings the relative
inductance between the windings can be used to determine
rotor position.

“Sensorless” motor control refers to an approach where
one or more characteristics of a motor, such as motor speed
or rotor position, are mathematically derived. Sensorless
motor control typically avoids the use of separate speed and
position sensors that are mechanically attached to a motor.

SUMMARY

A method for motor control that improves the accuracy of
rotor angle determination by accounting for motor non-
linear behavior, and a motor controller that implements the
method are disclosed heremn. In one example, a motor
controller includes current measurement circuitry and esti-
mation circuitry. The current measurement circuitry 1s
adapted to be coupled to a motor, and configured to measure
current 1n the motor. The estimation circuitry i1s coupled to
the current measurement circuitry, and includes a memory,
current computation circuitry, and summation circuitry. The
memory stores coeflicients of a function for estimating
current related to vanation of inductance of the motor. The
current computation circuitry 1s coupled to the memory, and
1s configured to compute a compensation current value
based on the coeflicients. The summation circuitry 1s
coupled to the current compensation circuitry, and 1s con-
figured to generate a position error signal by subtracting the
compensation current value from a measured current value
generated by the current measurement circuitry.

In another example, a method for motor control includes
measuring a current flowing 1in a motor. An angle of a rotor
of the motor 1s determined based on the measured current.
A coellicient value 1s retrieved from memory based on the
angle of the rotor. A compensation current value 1s computed
based on the coeflicient value. A position error signal 1s
generated by computing a difference of the compensation
current value and a value of the measured current. The
position error signal 1s applied to adjust a value of the angle
ol the rotor.

In a further example, a motor controller includes a speed
control circuit, a current measurement circuit, and an esti-
mation circuit. The speed control circuit 1s adapted to be
coupled to a motor, and configured to generate a reference
current that controls the speed of the motor. The current
measurement circuitry 1s adapted to be coupled to the motor
and configured to measure current in the motor. The esti-
mation circuitry 1s coupled to the current measurement
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2

circuitry. The estimation circuitry includes an observer, a
memory, current computation circuitry and summation cir-
cuitry. The observer 1s configured to generate an estimate of
current 1n the motor based on the reference current. The
memory stores coeflicients of a function for estimating
current related to varnation of inductance of the motor. The
current computation circuitry 1s coupled to the memory and
configured to compute a compensation current value based
on the coetlicients and the estimate of the current in the
motor. The summation circuitry 1s coupled to the current
compensation circuitry, and 1s configured to generate a
position error signal by subtracting the compensation current
value from a measured current value generated by the
current measurement circuitry.

BRIEF DESCRIPTION OF TH.

L1l

DRAWINGS

For a detailed description of various examples, reference
will now be made to the accompanying drawings in which:

FIG. 1 shows a block diagram for an example motor
control system in accordance with this description;

‘erent

FIG. 2 shows a rotor of an electric motor with di
coordinate systems;

FIG. 3 shows a block diagram for an example of basic
position estimation circuitry;

FIG. 4 shows a block diagram for an example Luenberger
observer suitable for determining rotor angle in accordance
with this description;

FIG. 5 shows a block diagram for a phase locked loop
observer suitable for determining rotor angle in accordance
with this description;

FIG. 6 shows a block diagram for rotor angle estimation
circuit that includes compensation for spatial harmonics 1n
the inductance of an electric motor 1n accordance with this
description;

FIG. 7 shows a tlow diagram for a method for determining,
coellicient values for use 1n compensation for spatial har-
monics 1n the mnductance of an electric motor 1n accordance
with this description;

FIG. 8 shows a flow diagram for a method of motor
control that includes compensation for spatial harmonics 1n
the inductance of an electric motor 1n accordance with this
description;

FIG. 9 shows an example of compensation performed
prior to signal generation using a model-based pre-shaping
circuit 1 accordance with this description; and

FIG. 10 shows a block diagram for example position
estimation circuitry suitable for use with a model-based
pre-shaping circuit in accordance with this description.

DETAILED DESCRIPTION

In this description, the term “couple” or “couples” means
either an indirect or direct wired or wireless connection.
Thus, 11 a first device couples to a second device, that
connection may be through a direct connection or through an
indirect connection via other devices and connections. Also,
in this description, the recitation “based on” means “based
at least 1n part on.” Therefore, 11 X 1s based on Y, then X may
be a function of Y and any number of other factors. Addi-
tional symbols used here are defined 1n Table 1 below.
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TABLE 1

Svmbols and Notations

Variable/Symbol Description Units

R, Per phase resistance ohm

La L, d-axis and g-axis inductance Henry
respectively

Lo (Ly +L.)/2 Henry

L, (Ly; - L,)/2 Henry

p d/dt 1/s

J Total mmertia rotor and ke*m?
color wheel

P Number of pole pairs

B Friction damping factor Nm/(rad/s)

M, Back-EMF constant Wb

W, O, Rotor mechanical, electrical rad/s
frequency

1 S Rotor mechanical, electrical Hz
frequency

f., w, Injection frequency Hz, rad/s

We, yer Rotor target electrical frequency rad/s

0,0, e Rotor electrical angle, estimate and  rad
estimation error respectively

Vo Vi Voltages 1n the afp reference frame  V

Va V, Voltages in the d-q reference frame V

I,1,, I Phase current A

I I Currents in the ap reference frame A

IF Currents in the d-q reference frame A

In a sensorless motor control system, the absence of a
significant back-electromotive force (EMF) signal at low
rotor speeds necessitates signal injection methods that
exploit rotor saliency to estimate angle based on rotor
position dependent signatures 1n voltage and current. Most
methods do not account for motor non-linearity such as
saturation, cross-saturation and higher order saliencies that
cause the inductance model to deviate from the constant
inductance model. This simplification results 1n large angle
errors 1n the angle estimate, which may lead to unstable
operation at higher current levels. The circuits and methods
disclosed herein improve the accuracy of rotor angle esti-
mation by accounting for motor non-linear behavior.

FIG. 1 shows a block diagram for a motor control system
100 1n accordance with this description. The motor control
system 100 includes a motor controller 102 and an electric
motor 104 (e.g., a three-phase electric motor). The motor
controller 102 1s coupled to the electric motor 104. The
motor controller 102 includes a speed control circuit 106, a
current control circuit 108, a signal generation circuit 110,
an mverse Park transform circuit 112, a space vector gen-
eration circuit 114, an mverter 116, measurement circuitry
118, a Clarke transform circuit 120, position and speed
estimation circuitry 122, and Park transform circuit 124. The
speed control circuit 106 receives a speed mput m,,from an
external source and compares w,,-to0 w,, provided by the
position and speed estimation circuitry 122. The speed
control circuit 106 generates a reference current (I_, o) for
the g-axis of the d-q reference frame. An additional refer-
ence current (I, ) for the d-axis 1s supplied by the user to
control the motor’s magnetic field. In various 1implementa-
tions of the 100, the speed control circuit 106 may be
replaced by a position control circuit or a torque/current
control circuat.

FIG. 2 shows a rotor of the electric motor 104 with
different coordinate systems referenced herein. The coordi-
nate systems are referenced according to currents associated
with a stator of the electric motor 104, which are referenced
to the rotor 202 of the electric motor 104. The currents I_ and
I ,relate to the g-axis and the d-axis of the electric motor 104
and are fixed with respect to the rotor 202. The d/g-axes
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4

relate to torque control of the electric motor 104 and are
orthogonal. The I, -axis and I,-axis are arbitrary axes that
are used as references for determining the position of the
rotor 202. The I, ,and I,; axes may be predetermined axes in
the electric motor 104 from which the position of the rotor
202 1s determined. The [ -axis and the I -axis represent an
orthogonal coordinate system where the I_-axis 1s aligned
with the phase of a motor winding. The angle of the rotor
202 based on the angle between the I ,-axis and the I, ~axis
1s referred to as the angle 0. A rotational angle 0, 1s defined
as the angle between the I -axis and the I ,-axis. As the rotor
202 rotates, the rotational angle 0, changes wherein the
change per unit time 1s equal to the velocity of the rotor 202.

Referring back to FIG. 1, the current control circuit 108
receives the q-axis reference current (I rej) generated by the
speed control circuit 106 and the d-axis reference current
(I,.p) generated by the user, reduces the reference currents
by the measured currents I/ and I ; respectively, and
produces d and q axis voltages, V,; and V _. The signal
generation circuit 110 provides a signal 126 that 1s added to
the V ,and/or the V _ output ot the current control circuit 108
by a summation circuit 128 to aid i estimation of the angle
of the rotor 202. The inverse Park transform circuit 112
converts the voltages V ;and V_to the alpha/beta domain to
produce V,, and V. The space vector generation circuit 114
receives the voltages V, and V and generates a three-phase
output signal. The inverter 116 converts the three-phase
output of the space vector generation circuit 114 to alter-
nating current signals to drive the electric motor 104.

The measurement circuitry 118 measures the current and
voltage output of each phase of the electric motor 104. The
measurement circuitry 118 includes voltage and current
sensors to perform the measurements. The measurement
circuitry 118 also includes an analog-to-digital converter to
digitize the current and voltage measurements. The Clarke
transform circuit 120 receives the digitized current and
voltage measurements provide by the measurement circuitry
118 and generates alpha/beta domain voltage and current
values. The alpha/beta domain voltage and current values
generated by the Clarke transform circuit 120 are provided
to the position and speed estimation circuitry 122 and the
Park transtorm circuit 124 to generate speed (w..) current
A5 1, "), and rotor angle (El ) estimates that are fed back to
the speed control circuit 106, the current control circuit 108,
and the inverse Park transform circuit 112 and Park trans-
form circuit 124, respectively.

A basic implementation of the motor control system 100
1s based on the constant inductance motor model shown 1n

equation (1).

RZE R, + p(Lo+ L, cos 26,) pl, sin?20, } Io (1)
— +
RZE pl, sin20, Ri+p(lg—1Lycos28,) || g
—simné,
mfkm[ }
cos 8,

When a tonal voltage signal 1s 1injected in the d-axis of the
estimated reference frame (as shown i FIG. 1), the tonal
components of the reflected currents 1n the d and q axes are
given by equation (2).

5| visinwn 1 | Lo—Lacos2(d, - 6,) 2)

= T2 12
L - L5 _ LzsinQ(éf - 95)

I.?‘ O’Jj
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From equation (2), the error signal sin 2(6_—-0.) is modu-
lated up by the carrier frequency 1n the current I ; .

FIG. 3 shows an example of basic position and speed
estimation circuitry 300. The basic position and speed
estimation circuitry 300 i1s an implementation of the position
and speed estimation circuitry 122. The basic position and
speed estimation circuitry 300 includes Park transform cir-
cuit 302, demodulation circuitry 304, low-pass filter cir-
cuitry 306, and phased locked loop (PLL) observer circuitry
308. The Park transform circuit 302 computes g-axis current
i the estimated reference frame I, ”. The demodulation
circuitry 304 demodulates the 1" Slgnalj and the low-pass
filter circuitry 306 removes hlgh frequency components to
extract a signal dependent on position error sin 2(68—65).
The PLL observer circuitry 308 processes the error signal to
drive the position error to zero, thereby obtaining an esti-
mated rotor angle. FIG. 4 shows a block diagram for an
example Luenberger observer 400, and FIG. 5 shows a block
diagram for an example PLL observer 500. The PLL
observer circuitry 308 may be implemented using the Luen-
berger observer 400 or the PLL observer 500.

The constant inductance motor tlux to current relationship
that leads to the model 1n equation (1) 1s given by equation

(3).

-
Az |

(Lo + L, cos 26,,)

L, sin28,, } ley |
L, sin26,,

cos B, (3)
(LO _ LQ COS 29}’&') i }

sin 6,

+ A,

The imnductance matrix under the assumption of constant
inductances and no additional spatial harmonics forms the
lower order inductance model, (L), given by equation

(4).

(Lo + 1> cos 20,,)
I»sin?26,,

I» s1n 286,
(Lo — L cos 26,,)

(4)

Lop = = (Lag),,

However, positioning performance using such a lower
order inductance model may be limited. For example, a wide
range of error (-30° to 20°), depending on position, has been
observed 1n some implementations.

As shown 1n equation (5), the motor model includes
higher order, angle dependent inductance terms 1n additional
to the signal term. In addition to the primary inductive
saliency L,, the mnductance model includes higher order
saliencies corresponding to L, ., where ‘1” denotes the order
of the saliency. Each higher order saliency also has an
associated phase ..

Log = (Lag),, + (Lap)y, ()

where

H H
Lyicos(if,. + ¢;)
1=23... 1=23...

thﬂill(fgrf + 505)
(Lag), =

H H
Lyisin(if,, + ¢;) —
1223 1223,

Lyicos(if,, + ¢;)

The higher order inductance terms, (L.g);,,, 1n the sum-
mation cause errors in the angle estimation 1f not modeled.
The position estimation circuitry and methods disclosed
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6

herein account for the non-linear motor model whose param-
cters vary with current levels, and thereby improve position
estimation accuracy.

The current in the estimated rotor frame (shown 1n
equation (6)) has additional components because of the
inductance variation.

A {(2AB,,
L, =, —11,¢ ( '+, 55
*sin(w, 1)

o IL}:iﬂf:ef(fBre_zére_EPi)]
(6)

The constant inductance model, 1, "=[I, -1, &“*°~]*sin
(w.1), includes a position mdependent term qu ='l;, and a
position dependent term I, ¢’ (2A%&) The basic p051t1011 and
speed estimation circuitry 300 extracts the position depen-
dent term in I ; 1e., I sin(2A0,,).

The position determination circuitry and method dis-
closed herein remove the components 1n the current I ; that
correspond to cross saturation, multiple saliencies, etc.,
leaving only the signal term. The high frequency g-axis

current in the estimated rotor frame I ; can be expressed
according to equation (7).

1=+, (7)

where
(I))s={a, sin 2A6,, } *sin(w?)
and

(I.7),={bs cos 2A0, 42,3 "a; sin(i0,.~20,.)+b;

cos(i0, —26}_2)}*5111((1) 7).

The coethicients a, and b,, which represent the contribution
ol higher order saliencies to the injected current, vary with
current level and frequency. These coetlicients are related to
the underlying inductance model terms L, and ¢,. The
circuits and methods of position determination disclosed
herein determine and apply the coethicients to improve
position estimation.

FIG. 6 shows a block diagram for example position
estimation circuitry 600 that includes compensation for
spatial harmonics 1n the inductance of a motor 1n accordance
with this description. The position estimation circuitry 600
1s an 1mplementation of the position and speed estimation
circuitry 122, and uses compensation coelll

icients to extract
a position error signal that 1s used to improve posmon
estimation. Values of the coeflicients are determined 1n an
offline motor characterization process that 1s described
herein. The position estimation circuitry 600 includes a Park
transform circuit 602, a summation circuit 604, demodula-
tion circuitry 606, low pass filter circuitry 608, saturation
compensation circuitry 610, observer circuitry 612, model-
based compensation circuitry 614, and feed-forward
observer circuitry 616. The model-based compensation cir-
cuitry 614 includes a memory 618 and current computation
circuitry 620. The memory 618 stores coetlicients (a, and b))
of a function (see equation (7)) for estimating current related
to vanation of inductance in the electric motor 104. The
current computation circuitry 620 1s coupled to the memory
618 and computes a compensation current value based on
the coellicients stored 1n the memory 618.

The position estimation circuitry 600 removes terms
corresponding to cross saturation (b, cos 2A0 ) and higher
order inductance saliencies X._, "a. sin((i-2)60..)+b,

: - - -

cos((i—Z)E‘Fe) from the current 1n the estimated rotor frame,
which 1s also the frame of signal injection. The Park
transform circuit 602 computes g-axis current in the esti-
mated reference frame I ; . The summation circuit 604 1is
coupled to the Park transform circuit 602 and the model-
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based compensation circuitry 614, and subtracts a compen-
sation value (I q’;) , provided by the model-based compensa-
tion circuitry 614 from the g-axis current to produce an error
signal €". The compensation step can be expressed as:

e Ig}:_ (Ig?:)h

(8)

After the subtraction, the residual current takes the fol-
lowing form

£"=a, sin 2A0 __*sin(w.i)

(9)

which only contains the position error signal sin 2A0
modulated to higher frequency w..

The demodulation circuitry 606 demodulates the error
signal, and the low pass filter circuitry 608 removes high
frequency components of the demodulated error signal to
produce the baseband position error signal e=a, sin 2A0 .
The coeflicient a, 1s a function ot I; and I_. The saturation
compensation circuitry 610 normalizes the error signal for
its dependence on current according to equation (10).

., ax(0,0) . (10)

E = - -
azlg, 1)

The resulting position error signal €'=a,(0,0)sin 2A0
produced by the saturation compensation circuitry 610 1s
processed by the observer circuitry 612 to generate a posi-
tion estimate (e.g., a rotor angle estimate). The subtraction
performed by the summation circuit 604 requires knowledge
of the rotor angle, and the estimated rotor angle 1s used by
the Park transform circuit 602 and the model-based com-
pensation circuitry 614 as a substitute for the true rotor
angle. The Park transform circuit 602 and the model-based
compensation circuitry 614 apply the rotor angle estimate to
generate the values of current I ; and (I ;)h provided to the
summation circuit 604. Accordingly, the compensation per-
tormed by the position estimation circuitry 600 assumes that
the estimate (6..) of the rotor angle is close to the true rotor
angle.

The coetlicients a, and b, (as per equation (7)) are func-
tions of the currents 1, and I_, the d and q axes currents in
the true rotor frame. As these signals are not available for use
in the compensation, the position estimation circuitry 600
generates estimates of I; and I . Instead of using the mea-
sured currents to provide 1" and I, to the model-based
compensation circuitry 614, the feed-forward observer cir-
cuitry 616 generates the estimates 1, and I; based on the
reference currents I, -and I, . provided by the speed
control circuit 106. This approach mitigates the impact of
the residual harmonics 1n the measured I; and 1, which
could cause the harmonics to recirculate in the estimation-
control loop.

The various circuits of the motor control system 100
and/or the position estimation circuitry 600 may be imple-
mented as dedicated hardware circuits configured to perform
the operations disclosed herein or as a processor (such as a
microcontroller or digital signal processor) executing
instructions that cause the processor to perform the functions
disclosed herein. For example, one or more of the Park
transform circuit 602, a summation circuit 604, demodula-
tion circuitry 606, low pass filter circuitry 608, saturation
compensation circuitry 610, observer circuitry 612, model-
based compensation circuitry 614, and/or feed-forward
observer circuitry 616 may be implemented as a processor
coupled to a memory (1.€., a non-transitory computer-read-
able medium), where the memory stores instructions that
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cause the processor to perform the operations describe
herein with respect to the circuits.

FIG. 7 shows a flow diagram for a method 700 for
determining coeflicient values for use 1n compensation for
spatial harmonics 1n the inductance of a motor 1n accordance
with this description. Though depicted sequentially as a
matter of convenience, at least some of the actions shown
can be performed 1n a different order and/or performed 1n
parallel. Additionally, some implementations may perform
only some of the actions shown. The operations of the
method 700 are performed ofiline (1.e., as part of motor
characterization performed prior to application-related use
of the motor).

In block 702 an angle encoder 1s coupled to an electric
motor to be characterized. For example, an angle encoder 1s
coupled to an 1nstance of the electric motor 104, where the
clectric motor 104 1s to be characterized.

In block 704, the electric motor 1s driven at the (I, 1)) bias
points at which characterization 1s desired.

In block 706, information such as the rotor angle and
motor current are measured. For example, rotor angle 1s
measured via the angle encoder coupled to the electric
motor. In a first measurement step, signal 1s 1jected 1n the
electric motor in block 704 such that 6,_=6 . and in block
706 I; , 0 and sin(w _t) are measured and recorded. In a
second measurement step, signal 1s 1injected in the electric
motor in block 704 such that 6_=6_+m/4, and in block 706
I ; , 0 and sin(w_t) are measured and recorded.

In block 708, coeflicients for storage 1n the memory 618
are generated based on information acquired 1n block 706.
The information 1s processed via curve fitting to generate the
coellicients a, and b, as a function of currents.

Some 1mplementations of the method 700 generate coet-
ficient values without use of an encoder. In such implemen-
tations, the electric motor 1s rotated at a high speed, and
back-EMF of the motor 1s measured. The measured back-
EMF of the motor operating according to a motor position
model at high speed 1s used to generate the coeflicient values
for the motor operating at a lower speed.

FIG. 8 shows a flow diagram for a method 800 of motor
control that includes compensation for spatial harmonics 1n
the inductance of a motor 1n accordance with this descrip-
tion. Though depicted sequentially as a matter of conve-
nience, at least some of the actions shown can be performed
in a different order and/or performed in parallel. Addition-
ally, some implementations may perform only some of the
actions shown. The operations of the method 800 may be
performed by an example motor control system 100 that
includes an implementation of the position estimation cir-
cuitry 600.

In block 802, the speed control circuit 106 generates a
reference current to drive the electric motor 104. For
example, the speed control circuit 106 generates the refer-
ence current (I_ ) based on a speed input ,_.received from
an external source and m, received from the position and
speed estimation circuitry 122.

In block 804, the measurement circuitry 118 measures the
current and voltage 1n the electric motor 104.

In block 806, the observer circuitry 612 determines an
angle (6_) of the rotor of the electric motor 104.

In block 808, the feed-forward observer circuitry 616
estimates currents (I and I ; ) 1n the electric motor 104
based on the reference current generated by the 802.

In block 810, the current computation circuitry 620
retrieves a coeflicient from the memory 618 based on the
current estimate generated 1n block 808 and the rotor angle
estimate generated 1n block 806.
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In block 812, the current computation circuitry 620 com-
putes a compensation current (I ;)h based on the coellicient
retrieved 1n block 810.

In block 814, the position estimation circuitry 600 gen-
erates a position error signal. The position error signal may
be computed as a difference of the compensation current
value and a value of the measured current. For example, the
summation circuit 604 computes an error signal as a differ-
ence of I " and (I_"),. The position error signal is a modu-
lated position error signal, and the position error signal is
demodulated and low-pass filtered to generate a baseband
position error signal. The baseband position error signal 1s
normalized for dependence on current.

In block 816, the observer circuitry 612 applies the error
signal to adjust the estimated angle of the rotor of the electric
motor 104.

In some 1mplementations of the motor control system
100, compensation 1s performed prior to generation of the
signal 126. FIG. 9 shows the signal generation circuit 110
coupled to a model-based pre-shaping circuit 902. The
model-based pre-shaping circuit 902 1s similar to the model-
based compensation circuitry 614, and includes a memory
for storing coetlicients. The model-based pre-shaping circuit
902 generates, based on the stored coeflicients, a signal 904
that 1s provided to the signal generator circuit 110. The
signal generation circuit 110 applies the signal 904 to shape
the signal 126. The model-based pre-shaping circuit 902
generates the signal 904 based on the current (I, 1)
estimates generated by the feed-forward observer circuitry
616, and rotor angle (ém) cstimates generated by the
observer circuitry 612.

FIG. 10 shows a block diagram for example position
estimation circuitry 1000 suitable for use with the model-
based pre-shaping circuit 902. The position estimation cir-
cuitry 1000 1s an implementation of the position and speed
estimation circuitry 122. The position estimation circuitry
1000 1s similar to the position estimation circuitry 600, but
lacks the summation circuit 604 and the model-based com-
pensation circuitry 614 because compensation 1s performed
using the model-based pre-shaping circuit 902, the signal
generation circuit 110, and the summation circuit 128.

Modifications are possible 1n the described embodiments,
and other embodiments are possible, within the scope of the
claims.

What 1s claimed 1s:

1. A motor controller comprising:

current measurement circuitry adapted to be coupled to a

motor, and configured to measure current in the motor;

and

estimation circuitry coupled to the current measurement

circuitry, and comprising:

a memory storing coetlicients of a function for esti-
mating current related to variation of inductance of
the motor;

current computation circuitry coupled to the memory,
and configured to compute a compensation current
value based on the coefhcients; and

summation circuitry coupled to the current computa-
tion circuitry, and configured to apply the compen-
sation current value to correct for spatial harmonics
in the imductance of the motor.

2. The motor controller of claim 1, further comprising:

a control circuit configured to generate a reference current

that controls the motor;

wherein the estimation circuitry comprises a feed-forward

observer configured to generate an estimate of the

current 1n the motor based on the reference current.
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3. The motor controller of claim 2, wherein:

the control circuit 1s a speed control circuit and a reference

speed indicates a desired speed of the motor;

the control circuit 1s a position control circuit and a

reference position indicates a desired position of the
motor; or

the control circuit 1s a torque/current control circuit and a

reference torque/current indicates a desired torque/
current of the motor.

4. The motor controller of claim 2, wherein the current
computation circuitry 1s configured to compute the compen-
sation current based on the estimate of the current in the
motor generated by the feed-forward observer.

5. The motor controller of claim 1, further comprising an
observer configured to generate a position and/or velocity
estimate of a rotor of the motor, wherein the current com-
putation circuitry 1s configured to compute the compensation
current based on the estimate of the angle of the rotor
generated by the observer.

6. The motor controller of claam 5, wherein the summa-
tion circuitry 1s configured to generate a residual current
signal by subtracting the compensation current value from a
measured current value generated by the current measure-
ment circuitry.

7. The motor controller of claim 6, wherein:

the residual current signal 1s a modulated position error

signal; and

the estimation circuitry 1s configured to demodulate and

low pass filter the residual current signal to generate a
baseband position error signal.

8. The motor controller of claim 7, wherein the estimation
circuitry 1s configured to normalize the baseband position
error signal for dependence on current.

9. The motor controller of claim 8, wherein the observer
1s configured to generate a position and/or velocity estimate
ol the rotor of the motor based on the normalized baseband
position error.

10. A method for motor control, comprising:

measuring a current flowing in a motor;

determining an angle of a rotor of the motor based on the

measured current;

retrieving a coeflicient value from memory based on the

angle of the rotor;

computing a compensation current value based on the

coeflicient value;

generating a residual current signal by computing a dif-

ference of the compensation current value and a value
of the measured current; and

applying the residual current signal to adjust a value of the

angle of the rotor.

11. The method of claim 10, further comprising:

generating a reference current that controls a speed of the

motor; and

generating, by a feed-forward observer, an estimate of the

current flowing in the motor based on the reference
current.

12. The method of claim 11, further comprising comput-
ing the compensation current value based on the estimate of
the current flowing in the motor generated by the feed-
forward observer.

13. The method of claim 12, wherein the residual current
signal 1s a modulated position error signal, and the method
further comprising generating a baseband position error
signal by demodulating and low-pass filtering the modulated
position error signal.
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14. The method of claim 13, further comprising normal-
1zing the baseband position error signal for dependence on
current.

15. The method of claim 14, further comprising generat-
ing the estimate of the angle of the rotor of the motor based
on the normalized baseband position error.

16. The method of claim 10, further comprising;

coupling an encoder to the motor; and

generating coetlicients, comprising the coethicient value,
based on a measured angle of the motor provided by the
encoder.

17. The method of claim 10, further comprising:

rotating the motor at a first speed;
measuring back electromotive force of the motor at the
first speed; and
generating, based on the back electromotive force, coet-
ficients comprising the coetlicient value, for inductance
of the motor operating at a second speed;
wherein the first speed 1s higher than the second speed.
18. A motor controller, comprising:
a speed control circuit adapted to be coupled to a motor,
and configured to generate a reference current that
controls the speed of the motor;
current measurement circuitry adapted to be coupled to
the motor, and configured to measure current in the
motor; and
estimation circuitry coupled to the current measurement
circuitry, and comprising:
an observer configured to generate an estimate of
current in the motor based on the reference current;

a memory storing coeflicients of a function for esti-
mating current related to variation of inductance of
the motor;
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current computation circuitry coupled to the memory
and configured to compute a compensation current
value based on the coeflicients and the estimate of
the current in the motor; and

summation circuitry coupled to the current computa-
tion circuitry, and configured to generate a residual
current signal by subtracting the compensation cur-
rent value from a measured current value generated
by the current measurement circuitry.

19. The motor controller of claim 18, wherein:

the observer 1s a first observer; and

the estimation circuitry comprises a second observer

configured to generate a position and/or velocity esti-
mate of the rotor of the motor.

20. The motor controller of claim 19, wherein the current
computation circuitry 1s configured to compute the compen-
sation current based on the estimate of the angle of the rotor
generated by the second observer.

21. The motor controller of claim 20, wherein:

the residual current signal 1s a modulated position error

signal; and

the estimation circuitry 1s configured to demodulate and

low pass filter the modulated position error signal to
generate a baseband position error signal.

22. The motor controller of claim 21, wherein the esti-
mation circuitry 1s configured to normalize the baseband
position error signal for dependence on current.

23. The motor controller of claim 22, wherein the second
observer 1s configured to generate the estimate of the angle
of the rotor of the motor based on the normalized baseband
position error.
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